Introduction
Since their inception, mobile networks have been rapidly evolving from networks with only voice connections to multi-service networks that provide both voice connections and data transmission with different bit-rates. In this way, networks have become multi-service access networks that increasingly gain popularity. The main factors behind the growing popularity of mobile networks that influence their technology use include first of all their low costs and the wide array of offered available services.
In Europe, the most commonly used 3G system is the UMTS (Universal Mobile Telecommunications System).
The WCDMA radio interface (Wideband Code Division
Multiple Access) used in this system is characterized by high theoretical capacity that can be reach its maximum in the case of a single, isolated cell. However, due to the multi-access technology used in the radio interface, its capacity in real networks is lower than theoretical values (constrained by, for example, interference from neighbouring cells). The necessity of securing appropriate level of the quality of service forces network operators to apply appropriate traffic management mechanisms that make it possible to use available resources in the most optimum
way. An example of such mechanism can be provided by new call admission functions or handover. In the process of mobile networks design or the optimization of already existing networks (regardless of traffic management methods used), appropriate analytical models are to be applied. The literature of the subject provides a number of models that can be applied in designing and op-82 M. Stasiak, S. Hanczewski timization of UMTS networks with the WCDMA radio interface. In [6] , the authors propose a model based on the full-availability group model with multi-rate traffic.
The basis for the analytical model of the WCDMA interface proposed in [4] is, in turn, the limited-availability group model. [5] proposes a model that is based on the Erlang's Ideal Grading (EIG) model with multi-rate traffic and fixed availability. In this model, the interference levels are taken into consideration through the availability parameter, whereas the influence of traffic management mechanisms on the WCDMA radio interface is not taken into account. The authors of the article propose an analytical model that operates based on the EIG model with multi-rate traffic and different availabilities which, in addition to the influence of interference on the capacity of the radio interface, also takes into consideration Call Admission Control (CAC) function that is based on the limitation of resources that calls of individual, pre-selected, call classes can then occupy.
The model proposed in the article is not the only model that is based on the Erlang's Ideal Grading model. In addition to the model already mentioned [5] and the model that enables equalization of the blocking probability in call classes serviced by the WCDMA interface [15] , the EIG model has been successfully applied in modelling other telecommunications systems, such as VoD (Video on Demand) systems [8] or systems with traffic overflow [7] . 
Erlang's Ideal Grading
The structure and the appropriate model of Erlang's Ideal Grading with single-rate traffic was proposed by Erlang in 1917 [1] . Figure 1a shows the structure of the group proposed by Erlang with the capacity of V = 3 channels. 
This means that any two load groups differ from each other by at least one channel. The EIG model assumes an equal division of traffic between all load groups. In Figure 1b , the load groups and the availability are indicated. Assuming random choice of links in the group, and identical traffic offered by all load groups, the load in each of the channels in the group under consideration is identical. Thus, for any number of busy group channels n
In this Section, due to historical reasons, the notion of the channel is used to express the capacity of the group. In the remaining Sections, however, the notion of Basic Bandwidth Unit (BBU) will be used. The rules for its determination are presented in [13] .
(0 ≤ n ≤ V ), the occupancy probability of j output channels available for a given load group (0 ≤ j ≤ d) is equal to the occupancy probability of j channels -available for each load group. The blocking probability in Erlang's ideal grading is equal to zero for all occupancy states of n links (n < d). It happens so because in this link occupancy state at least one channel is available for each load group. In the case when n ≥ d, the blocking probability in one load group with n busy links in the group is equal to:
Model of ErlangŠs Ideal Grading with various availabilities and multi-rate Erlang traffic streams
The EIG model servicing multi-rate traffic and with different availabilities is proposed in [15] . The model assumes that each call class can be described by a different value of the availability parameter. From the point of view of the calculations this means that call classes can differ in not only the number of demanded BBUs (t i ) required for the service but also in the value of the availability parameter figure 2 shows the structure of the EIG group with the capacity of 3 BBUs that services three classes of calls (M = 3) described by the following parameters:
In line with the proposed model [15] , the occupancy distribution in the EIG group under consideration can be determined on the basis of the following equation:
where: P (n) is the state probability, i.e. the probability of such an event that there are n busy BBUs in the system, t i -the number of demanded BBUs by i class calls,
A i -traffic offered by the i class calls, 
Since the occupancy distributions of output BBUs of the group are identical in each component group, the conditional blocking probability for calls of class i in Erlang's Ideal Grading is equal to the conditional blocking probability in one component group:
where:
is the occupancy probability x BBU in a given component group, on condition that there are n busy BBUs in the whole group. Probability P V,di (n, x) is described by a hypergeometric distribution:
After determining the conditional blocking probabilities (γ i (n)), the blocking probability for calls of class i in Erlang's Ideal Grading servicing multi-rate traffic can be de-84 M. Stasiak, S. Hanczewski termined on the basis of the following formula:
where 1 ≤ i ≤ M .
Resource allocation in the UMTS system
The UMTS system, unlike traditional telecommunications systems, is characterized by the so-called soft capacity. The term "soft capacity" means that the resources of the system are not fixed and that they are changeable depending on external factors. This particular property results from the application of the WCDMA radio interface in the UMTS system. This interface is characterized by a very large capacity of the cell when fully isolated.
However, in the case of a real network, the capacity of cells is limited due to the occurrence of interference of the following type [11] :
• internal co-channel interference within the cellfrom co-users of the frequency channel within the area covered by a given cell,
• external co-channel interference -from co-users of the frequency channel within the area covered by neighbouring cells,
• interference from neighbouring channels -from neighbouring frequency channels of the same operator or other operators,
• all possible noise and interference from other systems and sources, both broadband and narrowband.
Taking into account all the above mentioned types of interference, the capacity of the radio interface of the cell decreases with the increase in the number of users being serviced by a given cell and by neighbouring cells. Thus, in order to ensure appropriate level of the quality of service, it is necessary to limit the number of allocated resources by active traffic sources. Because of the above, it is generally adopted that the maximum usage of the resources of the radio interface, without lowering the quality of service, can be within the range of 50 -80% [9] . It is worthwhile to emphasize that, due to the dependence of the capacity of the WCDMA interface on noise generated by users of the network, its soft capacity is often described by the term noise limited capacity (noise limited).
The UMTS network services a number of call classes that are characterized by different demands in bit rate.
This means that each class puts the load on the radio interface in a different way. The value of the noise load, expressed as a fraction of the capacity of the interface and introduced by one source of class i, is determined on the basis of the following formula [9] :
In Formula (8), the following notation is used: 
Allocation unit in the radio interface with multi-rate traffic
Since the UMTS system is a noise limited system, then the basic bandwidth unit can be expressed as a fraction of the traffic capacity of the interface. In multi-rate systems it is adopted that the value of BBU should be equal to the greatest common divisor of the resources demanded by individual call streams [13] [14] . In the case of the WCDMA radio interface, we can thus write:
The capacity of the system (interface) can be also expressed in the number of BBUs:
where η is the total capacity of a completely isolated radio interface and is equal to 1. In a similar way, we can express the number of BBUs required by a call of a given class to set up a connection:
Operation of the cell with interference influence
Consider now the influence of interference from neighbouring cells upon the capacity of one, selected, cell. Assume that the isolated cell will be given the maximum load, i.e. all of its hypothetical resources will be occupied. Thus,
where N
(x)
i,max is the maximum number of calls of class i serviced in the isolated cell, denoted by index x (for example x = 1 in Figure 3 ). If a cell is not isolated, i.e. operates in real conditions, then interference resulting from the service of calls in neighbouring cells leads to a decrease in the available capacity in the cell under consideration (cell 1). Figure 3 shows cell 1 that is surrounded by adjacent cells with the numbers from 2 to 7. Each call of class i , serviced in a neighbouring cell k, imposes noise load with value L 1,k to cell 1 (Figure 3 ). This load can be treated as the service process itself, i.e the service of additional calls of class i in cell 1 with demands t i expressed in BBUs:
The resources of the first cell for calls that arrive at this cell (further on called "availability") will be diminished by the resources occupied by "interference" calls serviced in adjacent cells. Thus: The coefficient δ is defined as the ratio of the average influence of interference from other cells to the cell's own interference. We can thus write that in the given working conditions for the considered cell we have:
Now, taking into consideration Equations (12) and (15), we can eventually write the available resources for the own calls of the considered cell in BBUs:
Formula (16) can be used directly to model the radio interface in the uplink direction (uplink radio interface). In the case of the downlink direction, we can write the total load of the downlink in the following form:
where: ξ is the interference damping (decrement) factor. This factor indicates the degree of decrement (reduction) of interference between the users of the same cell with the help of sequences identifying the channel, using orthogonal code sequences with OVSF (Orthogonal Variable Spreading Factor).
A new model of the UMTS cell with the WCDMA radio interface
Consider now a method for a determination of the blocking probability in a single UMTS cell. The assumption is that the cell services M classes of calls with the offered traffic equal to A 1 , A 2 , ..., A M . The next assumption is that in order to optimize the use of the resources of the WCDMA radio interface the CAC (Call Admission Control) function has been introduced. The CAC function operates in the following way: when a new call arrives in the cell, the function checks current free resources of the radio interface. In the case of free available resources, the function additionally identifies how much of the resources is occupied by calls of this class. If the number of busy BBUs occupied by the calls of the same class is lower than the adopted boundary value (boundary level) G, then the call is admitted for service, otherwise the call is rejected despite the availability of free resources. According to the model proposed in [5] , we adopt that the call service process in a given cell can be approximated by the Erlang's Interconnection Grading model. Therefore, the occupancy distribution can be determined on the basis of Equation (23).The interpretation of the parameters V and d is as follows: V defines the maximum, theoretical capacity of a single UMTS cell, d corresponds to its real capacity with interference taken into consideration. Figure 4 shows a fragment a diagram of the onedimensional Markov chain in Erlang's Ideal Grading with multi-rate traffic streams.
In line with the adopted definition for the operation of CAC function, new calls can be admitted only when the number of busy BBUs occupied by calls of the class that arrived in the cell is lower than the adopted boundary value G i . Thus, from the point of view of the CAC function, the conditional probability of passing between the adjacent states of the call service process σ G,i (n) is equal to [12] :
where S i is the state in which the number of busy BBUs occupied by calls of class i is equal to G i . Figure 5 shows a modified call service process that takes into account the call admission control function. Consider now a method for a determination of state S i . In Figures 4 and 5 , the parameter y i (n) is marked. It defines the average number of calls of class i serviced by the system in state n. According to [10] , the values of this parameter can be estimated in the following way: 
Having the knowledge of the value of this parameter, the number of busy BBUs in state n occupied by calls of class i is equal to:
State n in which the equality:
is achieved is the state S i that we want to estimate.
The considered system (WCDMA interface) is called the system with state-dependent call arrival process and state-dependent call admission process [2] , [3] . In [3] it is proved that in such a case the resultants of the conditional probability of passing between the adjacent states for calls of class i is equal to:
Hence, the occupancy distribution can be determined by the following equation:
Consider now the influence of the introduction of constraint G i on the availability of individual classes. Following the introduction of the constraint G i to the model, values of the parameter d for individual classes are equal to:
By knowing the methods for a determination of values of all required parameters, the algorithm for a determination of the blocking value in the considered WCDMA interface can be written as follows:
Algorithm 1 Algorithm for a determination of the blocking probability in the WCDMA radio interface 1. Calculation of the BBU (Eq. (9) 9. Determination of the blocking probability (Eq. (7)).
Numerical examples
The analytical model of the WCDMA radio interface presented in the previous section is an approximate model. Hence, the results obtained in the course of its application were compared with the results of the digital simulation of the UMTS cell at the call level. Both the analytical model and the simulator were implemented in C++. Graphs 6 -7 present the results obtained for the UMTS cell that serviced 4 call classes. The presented results are shown in the function of traffic offered to a single BBU. Graph 6 presents the values for the blocking probability for four call classes that demand for service t 1 = 1, t 2 = 5,t 3 = 10,t 4 = 20 BBUs. In this case the assumption is that the average level of interference is equal to 40% of the theoretical capacity of the interface, whereas the G parameters are equal to
In the other case, the cell services three classes (2) and (4) according to the data presented in Table 1 . The cell capacity is equal to 200 BBUs (Formulae (9), (10)). Graphs 6 -7 also show the results of the simulation of the UMTS cell on calls level. For the obtained results, 95% confidence intervals have been determined.
Conclusions
The article proposes a new method for a determination of the blocking probability in a single cell of the UMTS system in which calls are admitted for service according to the CAC function described above. The operation of the proposed method is based on the Erlang's ideal grading model servicing multi-rate traffic and with various availabilities. The fact that the influence of the new call admission function on blocking probabilities of serviced classes of calls could be taken into account in the model, was just possible due to the application of the EIG model with various availabilities. This model can be further expanded to serve other new call admission functions as well (following a determination of coefficients σ that determine the influence of the new call admission function on the operation of the cell, as well as of the availability parameters). The model proposed in the article is simple and easily applicable, while its accuracy makes it applicable for engineering calculations.
